It has long been accepted that during endochondral ossification, most of the chondrocytes reaching maximal hypertrophy undergo gradual resorption and ultimately die (GODMAN and PORTER. 1960; ANDERSON and PARKER. 1966; SCHENK et al., 1967; LANGMAN, 1969) . However, recent studies have demonstrated that during the maturation of chondrocytes f owards the chondro-osseous junction, hypertrophic chondrocytes are active, viable cells playing a role in endochondral ossification. Both biochemical and morphological evidence confirm that hypertrophic chondrocytes are not effete cells and may actually participate in endochondral ossification over a long period. Biochemical studies have indicated that several composite changes in the cartilage matrix may be involved in the cellular control of these hypertrophic chondrocytes (BUCKWALTER, 1983; CAMPO and ROMANO, 1986; TIAN et al., 1986; POOLE et al., 1989) . Furthermore, it has been reported that chemical fixation by osmium-potassium ferrocyanide (OPF; FARNUM and WILSMAN, 1983) or ruthenium hexamine trichloride (RHT; HUNZIKER et al., 1982 HUNZIKER et al., , 1983 EGGLI et al., 1985) , and rapid freezing or freeze substitution (AKISAKA and SHIGENAGA, 1983; HUNZIKER et al., 1984) preserve hypertrophic chondrocytes as morphologically intact, viable cells.
Additional reports inform that, at the chondroosseous junction of certain cartilage tissues, the chondrocytes, including hypertrophic ones, are transformed into osteogenic cells (HOLTROP, 1972; SHIMO-MURA and RAY, 1973; RICHMAN and DIEWERT, 1988; YOSHIOKA and MAGI, 1988) . Thus, there is some confusion concerning the ultimate fate of cartilage cells.
Recently, we found that when Meckel's cartilage of 18 days' gestation was transplanted into the spleen for up to 7 days, hypertrophic cells in the transplants 261 formed an extensive calcified matrix, with some of them transforming into osteocyte-like cells (ISHIZEKI et al., 1990a) . The subsequent fate of the Meckel's cartilage, including osteocyte-like cells, is, however, unknown, and one wonders whether the above findings might also apply to other kinds of chondrocytes.
Mammalian Meckel's cartilage initially forms as the main support of the fetal mandible. It has been generally considered that it is gradually resorbed while a membranous osseous framework forms as a support for the lower jaw. However, three distinct subdivisions of the Meckel's cartilage bar with different fates have been described: the rostral and auricular ends of the cartilage undergo an endochondral-type ossification, while the midportion is removed by invading cells (BHASKAR et al., 1953; FROMMER and MARGOLIES, 1971; GORET-NICAISE and PILET, 1983; RICHMAN and DIEWERT, 1988) , including macrophage-like cells (MUHLHAUSER, 1986) , osteo/ chondroclasts (SAvOSTIN-ASLING and ASLING, 1974) , or chondrocytes (MELCHER, 1972) . Therefore, the chondrocytes in the midportion are destined to regress. There are thus some differences concerning the ultimate fate for the intact Meckel's cartilage, which must be taken into, cosideration in transplantation studies.
The aim of the present study is to examine the ultimate fate of hypertrophic Meckel's cartilages which have been transplanted into the spleen for an extended period of time, paying particular attention to their morphological changes.
MATERIALS AND METHODS

Animals
Meckel's cartilage bars were obtained from 18-day fetuses of ddy strain mice, which served as both donors and controls. This age was chosen because it is when the cartilage matrix contains a large number of hypertrophic chondrocytes with few degenerating cells. All Animals were killed by cervical dislocation, and the mandible including Meckel's cartilage was separated rapidly from the skull and then placed in Hanks' balanced solution supplemented with antibiotics. After immersion in 10 mM EDTA for 10 min to remove excess connective tissue surrounding the perichondrium of Meckel's cartilage, the cartilage bars were dissected from the mandibular arch. They were transferred to fresh Hanks' solution and then were cut into three pieces using fine scissors. The midportion (approximately 1.5-2.0 mm in length) of each bar was used, as this region is known to undergo regressive changes in the absence of endochondral ossification (BHASKAR et al., 1953; RICHMAN and DIEWERT, 1988) .
Transplantation
Spleens in 4 to 5-month-old isogenic adult mice were used as the recipient tissues for Meckel's cartilage transplantation. The animals were anesthetized with an intraperitoneal injection of Nembutal (pentobarbital sodium, 0.6 mg/10 gm body weight), and the grafts were carefully transplanted into the exposed spleen using a Venule-V-2 needle (Top Co. Ltd, Tokyo) according to the method previously reported (ISHIZEKI et al., 1987) . After two grafts were transplanted into the spleen of each animal, the wounds of the splenic capsule and skin were immediately closed with a drop of surgical Aron Alpha-A (Sankyo, Tokyo).
Histological examination
The intact cartilage of the midportion was used as the control to examine the morphological changes of the grafted Meckel's cartilage. The tissue samples were fixed by conventional methods with 2.5% glutaraldehyde and 1% Os04 solution. After some specimens were fixed with 2.5% glutaraldehyde for 2 h, they were postfixed with 1% 0504 containing 1.5 potassium ferrocyanide (OPF), since OPF has been known to stabilize lacunar matrix components, including complex carbohydrates and glycoproteins (FARNUM and WILSMAN, 1983) .
The grafts were harvested 3, 7, 14, or 21 days after transplantation.
Recipients were killed with an overdose of ether and immediately after perfused with 2.5% glutaraldehyde in 0.05M cacodylate buffer (pH 7.4). The explants, together with surrounding splenic tissue, were then fixed with the same fresh fixative for 2 days and further postfixed with 1% 0504 in 0.05 M cacodylate buffer (pH 7.4) for 1h at 4C. Some of the grafted specimens and the intact cartilages were treated with the fixative containing OPF. After dehydration through a graded ethanol series, the specimens were embedded in Epon 812.
For electron microscopic observations, undecalcified specimens were used to avoid any influence of the decalcification solution. Ultrathin sections were cut with a diamond knife on a LKB-ultratome and enhanced with uranyl acetate and lead citrate prior to observation with a JEM-100B electron microscope.
For light microscopy by toluidine blue (pH 3.0) staining, some of the same specimens, after obtaining ultrathin sections, were decalcified en bloc with Plank-Rychlo solution for 2 h at room temperature, as in our previous report (ISHIzEKI et al., 1990b) . They were then cut into semithin sections of 1 km, with some treated with von Kossa's reaction according to the method by SCHENK et al. (1984) after the removal of Epon with an alcohol-sodium hydroxide solution.
RESULTS
Intact Meckel's cartilage (Controls)
Meckel's cartilage in 18-day fetuses could be distinguished into three distinct zones at the light microscopic level: the perichondrium, the maturing zone, and the hypertrophic zone (Fig. la) . The perichon- (GA) which is divided into several groups. Rough endoplasmic reticulum (rER) runs parallel to the cell membrane, and some of it surrounds mitochondria (MT). The pericellular matrix (PM) is composed of amorphous material, but the terriorial matrix (TM) is occupied by fine collagenous fibrils containing electrondense small granules (arrowheads). OPF fixation. x5,300 a b drium surrounded the outer layer of the cartilage, comprising a few layers of flattened fibroblastic cells. The inner layer, the proliferating zone, and the maturing zone contained relatively small spindleshaped cells. The central zone of the cartilage bar was occupied by hypertrophic chondrocytes and comprised a large part of Meckel's cartilage in the 18-day fetuses. These cells were characterized by cytoplasmic vacuoles of various sizes, including glycogen lakes, frequent lipid droplets and large round nuclei with prominent nucleoli. The territorial matrix of the cellular lacunae was stained metachromatically with toluidine blue; there was no evidence of calcification anywhere at this time.
At the ultrastructural level, hypertrophic chondrocytes fixed with OPF were preserved with a large round euchromatic nucleus, glycogen accumulations, small mitochondria and a Golgi-endoplasmic reticulum system (Fig. lb) . Abundant glycogen particles were distributed widely throughout the cytoplasm; in particular, the cells at this stage formed large glycogen aggregates. In many cases, the regions appearing as clear cytoplasmic areas by light microscopy involved large vacuoles and/or glycogen aggregates. Usually one or more vacuoles were formed in association with glycogen aggregates. Rough endoplasmic reticulum developed at the periphery of the cell bodies and several cisternae surrounded several mitochondria. The Golgi apparatus, relatively small, consisted of several groups of thin stacks. The outline of the cells was smooth, but many short cytoplasmic processes protruded into an amorphous pericellular matrix. The territorial matrix was composed of fine fibrous materials containing electron-dense granular deposits. These ultrastructural features were very similar to those of early hypertrophic cells as reported in the mandibular condyle (MARCHI et al., 1991) ; in the present study, the cells displaying such morphological features were characterized as hypertrophic chondrocytes prior to transplantation.
Day 3 after transplantation
On day 3 after transplantation, the cartilage explants had adapted well to the splenic tissue, and the extracellular matrix of the Mackel's cartilage showed intense metachromasia, particularly around the territorial matrix (Fig. 2a) . Slightly basophilic chondrocytes increased in size; these varied in outline from triangular to round, with as oval the most common shape. It was no longer possible to distinguish the three zones of cartilage cells because numerous hypertrophic chondrocytes were densely distributed thoughout the cartilage bars. In some specimens of this period, initial calcification appeared in association with the territorial matrix. This calcification occurred around the hypertrophic chondrocytes as speckled deposits which were stained a deep brown by von Kossa's reaction (Fig. 2b) .
Ultrastructurally, the hypertrophic chondrocytes, which were located in the central zone of the grafted Meckel's cartilage, still contained glycogen particles and vacuoles throughout their cytoplasm, but they showed a tendency to aggregate at the periphery of the cell body. Secretory organelles, such as the Golgi apparatus or rough endoplasmic reticulum, were well preserved (Fig. 2c) ; many condensing vacuoles were formed on the maturing face of the Golgi saccules. Adjacent to the pericellular matrix was a layer consisting predominantly of densely packed collagen fibrils, and the initial calcification appeared as calcospherite deposits of fine needle-like crystals on their matrices.
Day 7 after transplantation
On day 7 after transplantation, there was extensive calcification of the Meckel's cartilage bars, and most of the hypertrophic chondrocytes were completely encircled by a calcified matrix (Fig. 3a) . This calcification of the matrix extended from the central zone, which contained numerous hypertrophic chondrocytes, to the periphery of the cartilage bar. Among the chondrocytes incorporated in the calcified matrix, cells containing lysosomal dense bodies could also be seen, but there were few degenerating chondrocytes (Fig. 3b) . It should be noted that the hypertrophic chondrocytes surrounded by the calcified matrix at this time retained well-developed secretory organelles. In particular, the Golgi apparatus was well-developed from day 3 to 7 after transplantation.
Around the Golgi apparatus, many condensing vacuoles and vesicles containing contents of moderate density were seen, and rough endoplasmic reticulum with abundant ribosomes was located at the periphery of the cytoplasm (Fig. 3c) . The calcifying territorial matrix was filled with a large number of collagenous fibrils of varying thicknesses. Crystals, presumed to be hydroxyapatite, were closely associated with matrix vesicles (Fig. 3d) .
Day 14 after transplantation
On day 14 after transplantation, erosion of the Meckel's cartilage had commenced (Fig. 4a) . The calcified matrix was extensively removed by vascular invasion and by multinucleated giant cells, and the disrupted matrix spaces were being replaced by various host-derived cells, including blood elements and osteoblasts.
Numerous multinucleated giant cells, so-called chondroclasts, were recognized along the border of the calcified cartilage. They were large multinucleated cells of irregular shapes, and were easily distinguished from the chondrocytes and osteoblasts by their intensively basophilic cytoplasm and elongated cell processes. Accompanying the conspicuous resorption of the calcified matrix by these giant cells were many osteoblasts, which appeared in epithelial alignment over the remnants of calcified material (Fig. 4b) . These cells were squamous or cuboidal in shape and showed a basophilic cytoplasm. Individual osteoblasts deposited uncalcified osteoid matrix on the calcified cartilage, but as a whole, the resorption of the calcified cartilage was more preferential and did not result in extensive bone formation.
Some of the cells incorporated in the calcified cartilage exhibited a morphology which strongly resembled that of osteocytes (LUK et al., 1974; RHODIN, 1974) . These cells, in earlier tissue, also appeared occasionally in the materials on day 7 after transplantation, but in the present later period, they appeared in a considerably larger number and could be easily observed by electron microscopy. These cells were relatively small (12-15 ,um in diameter) and the nucleo-cytoplasm ratio was less than in the hypertrophic chondrocytes. Ultrastructurally, they were characterized by spherical heterochromatinrich nuclei, free ribosomes, short profiles of rough endoplasmic reticulum, small round mitochondria, lysosomal dense bodies, and a small Golgi apparatus (Fig. 4c) . In particular, cytoplasmic projections penetrating the calcified matrix were characteristic of these cells. Occasionally, these cells contacted other neighboring cells by a gap-like junction (Fig. 4d) . The pericellular matrix was filled with thick periodic collagen fibrils which were not seen in this site prior to grafting (Fig. 4e) . Since these ultrastructural features of the cells embedded in the calcified matrix strongly resembled those of osteocytes rather than the morphology of the hypertrophic chondrocytes in the present study, such cells were referred to as osteocyte-like cells.
Day 21 after transplantation
By day 21 after transplantation, resorption of the calcified matrix further progressed and the now discontinuous matrix formed islands. The eroded areas were occupied by many host-derived blood elements and by vascular tissue (Fig. 5a) , and some chondrocytes which were released from the surrounding calcified matrix could be seen in places (Fig. 5b) . Individual hypertrophic chondrocytes, released from cellular lacunae which were surrounded by calcified cartilage to the extracellular fibrous matrix, showed ultrastructural modifications: the cells contained vacuoles of various sizes, vesicles, and accumulation of glycogen particles, but few Golgi-endoplasmic reticulum elements were observed. The large nucleus, containing peripherally condensed heterochromatin, was usually in the center of the cell body and had an irregularly indented border. The outline of the cell body too was irregular, and in some places the cell membrane was ruptured, so that the cytoplasm and vacuoles were opened to the extracellular matrix (Fig. 5c) .
Osteocyte-like cells incorporated in the persisting remnants of the calcified matrix showed involutional changes ( Fig. 5d) : flattening of the cell shape and vacuolation of the cytoplasm were remarkable. The eccentric nucleus possessed condensed heterochromatin, and even if the cells retained a relatively intact morphology, almost all organized organelles had disappeared from the cytoplasm. The only remaining characteristics of osteocyte-like cells were the cytoplasmic projections penetrating the calcified matrix. The pericellular space was narrow, and collagenous matrix could no longer be seen.
DISCUSSION
The present study showed that when the Meckel's cartilage, which essentially suffers a retrogressive fate, was transplanted into the spleen, hypertrophic chondrocytes survived over a long term, and some of these were transformed into osteocyte-like cells.
Under physiological conditions, the midportion of Meckel's cartilage underwent a resorptive fate in the absence of calcification, but in the splenic tissue these grafts induced extensive endochondral ossification. Calcification of cartilage usually occurs at the chondro-osseous junction in vivo and does not develop extensively throughout the cartilage matrix as was seen here. Also in the present study, calcification of the cartilage matrix was observed to initiate around the hypertrophic chondrocytes on day 3 after transplantation.
At this time, cells invading the cartilage matrix were still not recognizable, and therefore it is evident that the hypertrophic cells in the calcifying matrix were original hypertrophic chondrocytes.
There are many reports supporting the possibility of long-term survival for hypertrophic chondrocytes, including those in Meckel's cartilage FROMMER, 1972b, 1974; AKISAKA, 1982; FARNUM and WILSMAN, 1987; SABURI et al., 1987) . HOLTROP (1972), and FARNUM and WILSMAN (1987) showed that hypertrophic chondrocytes are metabolically active cells that may play a significant role in endochondral ossification. In addition to the morphological evidence, there is some biochemical evidence suggesting that hypertrophic chondrocytes, which synthesize various extracellular macromolecules, including type x collagen (GIBSON and FLINT, 1985) , fibronectin REDDI,1981), chondrocalcin (PooLE et al., 1989) , and lysozyme (KUETTNER et al., 1975) , do not degenerate, but survive and remain.
Although the findings described above indicate that hypertrophic chondrocytes are active and viable cells, their ultimate fate is as yet unknown. If these hypertrophic cells retain their complete morphology for a long time, they might possibly be released from cartilage lacunae during matrix resorption. Actually, reports are available suggesting that such surviving hypertrophic chondrocytes are transformed into bone-related cells, including osteoblasts or osteocytes (CRELIN and KOCH,1967; SILBERMANN and FROMMER, 1974; KAHN and SIMMONS, 1977; RICHMAN and DIEWERT, 1988) . However, there are few detailed morphological reports concerning the process of transformation of terminal hypertrophic chondrocytes into other cells. The present study provided some possibilities: most hypertrophic cells retained an intact ultrastructural appearance by day 7 after transplantation.
However, from 14-21 days after transplantation, chondrocytes displaying various morphologies appeared to be accompanied by vascular invasion and resorption of the calcified matrix by multinucleated giant cells. Under these conditions, two conflicting fates for the chondrocytes should be noted: one is the fate of the chondrocytes released abruptly from the calcified matrix, and the other is the fate of the chondrocyte which were not resorbed. The first refers to the chondrocytes which were released by invaded cells as shown in Figure 5c , such cells usually displaying regressive changes such as the formation of cytoplasmic vacuoles, condensation of the nucleus and fragmentation of cell membranes. Therefore, there is little possibility that these cells Accompanying the widespread cartilage matrix resorption by multinucleated giant cells (MN), numerous basophilic osteoblasts (OB) appear along the resorption front and deposit an osteoid matrix (OM). Several cellular lacunae containing osteocyte-like cells (arrowheads) are seen in the islands of residual calcified matrix.
x710. c. Electron micrograph of a hypertrophic chondrocytes that has been transformed into an osteocyte-like cell. This cell is characterized by a large round heterochromatin-rich nucleus (N), short profiles of rough endoplasmic reticulum (rER), small Golgi apparatus (GA), lysosomal dense bodies (arrows), and mitochondria (MT). Note the finger-like cytoplasmic processes penetrating the calcified matrix (arrowheads). Conventional fixation, x 6,500. d. Cytoplasmic projection of an osteocye-like cell forming a gap-like junction with a neighboring cell (arrowhead). Conventional fixation. x20,000. e. High magnification of the boxed area shown in c. The narrow pericellular matrix is filled with thick collagen fibrils with a zebra-stripe structure which cannot be seen in the intact Meckel's cartilage. x14,300 were transferred to other sites to be transformed into bone-related cells. Next, the hypertrophic chondrocytes which were surrounded by the calcified matrix were observed to be transformed into osteocyte-like cells. These cells were identified as osteocyte-like on the basis of the following ultrastructural features: they had large round heterochromatic nuclei and elongated cytoplasmic processes protruding into the calcified matrix, and thick periodical collagen fibrils were seen in the pericellular matrix. These findings are similar to those of cells transformed into osteocyte-like cells from hypertrophic cells of the rat mandibular condyle in strontium rickets as reported by SABURI et al. (1987) . The transformation of the chondrocytes into bone-related cells of mandibular cartilage has also been reported by many investigators FROMMER, 1972a, b, 1974; WEISS et al., 1986; YOSHIOKA and MAGI, 1988; STRAUSS et al., 1990) . Since the features of the Meckel's cartilage cells in our study were modulated by the local microenvironment of the spleen, the present results reflect the recent view that the microenvironment surrounding chondrocytes may act as a determinant of cell differentiation and as a stabilizing or modulating factor (TOOLE, 1981; SLAVKIN, 1982; KATO and GOSPODAROWICZ, 1985) .
On day 21 after transplantation, however, most of the osteocyte-like cells contained many vacuoles of varying sizes, showing disorganization of their secretory organelles. Such structural changes have been demonstrated to represent the terminal phase for osteocytes (LUK et al., 1974) , and it appeared that those cells transformed into osteocyte-like cells from hypertrophic cells further express an involutional process.
Therefore, it is questionable that the osteocyte-like cells, which were saved from resorption, might continue to participate in bone regulation.
